INTRODUCTION
Ultrasonic method has become a very popular nondestructive characterizing technique because of its versatility and ease of operation. It can usually detect internal cracks and inclusion type defects in homogeneous or layered materials without any difficulty. However, it has its own shortcomings. It is not very effective in detecting cracks which are vertical to the plate surface. This is because the ultrasonic signal is not reflected by the crack when the signal propagation direction is parallel to the crack surface. The back scattering technique and acoustic microscopy technique are used for detecting such vertical defects. However, when these defects are not located very close to the surface these techniques also encounter difficulties. Use of Lamb waves to detect such defects may be a viable alternative to the currently practiced methods. Theoretical studies by Kundu and Blodgett [1] , Yang and Kundu [2, 3] and Yang [4] have shown that different Lamb wave modes produce different levels of excitation in various layers in a multilayered solid plate. This phenomenon is exploited here to experimentally generate C-scan images of different layers of a composite plate by propagating Lamb waves of different modes through the plate. The C-scan image generated by receiving the leaky Lamb waves is denoted as the "L-scan" image in this paper.
Previous efforts of using leaky waves to inspect defects in composite and metal plates include the works of Chimenti and Nayfeh [5] , Nagy et al. [6] , Pearson and Murri [7] , Rose et al. [8] , Nayfeh [9] , Bar-Cohen and Chimenti [10] , Chimenti and Bar-Cohen [11] , Martin and Chimenti [12] , Mal and Bar-Cohen [13] , and Chimenti and Martin [14] among others. Most of these works involve relating the material defects such as the porosity and delamination to the change in the Lamb wave propagation characteristics, the dispersion curves, phase velocity and attenuation. Not many investigators attempted to scan the specimen using Lamb waves to generate the L-scan image. Chimenti and Martin [14] did it with some success. They positioned the transmitter and the reflector in a pitch-catch arrangement over the specimen to generate leaky Lamb waves. They placed the receiver in the null zone and scanned the specimen. The null zone position changes in presence of an internal defect. Hence, when a defect is encountered the receiver voltage amplitude is altered and the image of the defect is generated. The major problem with this arrangement is that the null zone position is very sensitive to the plate thickness. Hence, a few percent change in the plate thickness alters the receiver voltage amplitude significantly. To avoid this problem one needs to filter the L-scan generated data through a special filter, called MFq filter [14] . This signal processing helps to minimize the effect of the plate thickness variation on the null zone but retains the sensitivity to defects of interest.
In this research this problem is avoided by placing the receiver beyond the null zone as well as the specularly reflected zone. Thus only propagating leaky Lamb waves are received by the receiver; apparently, its amplitude is comparatively less sensitive to the plate thickness and more sensitive to the defects inside the plate. [26] .
METHODOLOGY
over the plate specimen as shown in Figure 1 . The transmitter is excited by the tone burst excitation. The excitation frequency is then varied continuously from a minimum value to a maximum value within the band width of the transducers. The reflected signal is received by the receiver, the signal amplitude is then displayed on an oscilloscope screen as a function of the frequency. When the transmitters and the reflector are positioned such that the reflected energy is maximum or very close to maximum and then if the receiver is gradually moved back until the receiver is in the null zone, then the spectrum will appear like the plot shown in Figure 2 because if leaky Lamb waves are generated at a frequency, spectral null is observed at that frequency ( Figure 2 ). This is the conventional mode of lamb wave detection reported in most of the literature to date. If the transducers are moved further apart, (or if the specimen-transducers distance is reduced) without altering the distance between the two transducers then, because of defocusing, the reflected amplitude spectrum changes its shape and magnitude. In this defocused position peaks are observed at the frequencies producing the Lamb waves as shown in Figure 3 . This is because when the defocusing is high the specularly reflected beam cannot reach the receiver but the leaky waves can.
The frequency corresponding to the Lamb wave modes can be obtained from the dips (Figure 2 ) or peaks (Figure 3 ) of the reflected signal spectrum. The Lamb wave speed or the phase velocity can be obtained from the Snell's Law,
where CL is the Lamb wave phase velocity, ao is the longitudinal wave speed in the coupling fluid (for water it is equal to 1.49 kmlsec) and e is the angle of inclination of the transducers, i.e. the angle between the vertical axis and the transducer axis.
If the transducer angle is changed, corresponding Lamb wave speed is changed, hence the dip positions along the frequency axis vary. Thus the Lamb wave dispersion curves can be experimentally generated by monitoring the transducer angles and dips of the reflected signal spectra. After selecting a specific Lamb wave mode for scanning, that mode is generated by first setting the transducer angle (9), then proper defocusing is done by vertically moving the transducers and observing the Lamb wave peaks and finally the frequency is set at a value corresponding to a Lamb wave peak of interest. The specimen is then scanned with this transmitter-receiver arrangement.
Many investigators have studied the relation between the dispersion curves and elastic properties of the plate material and attempted to obtain these elastic properties by numerically inverting these experimental data [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . However, emphasis in this paper is not given to the elastic property determination aspect but the capability of imaging the internal defects in the plate. Hence, the relation between the elastic properties and the dispersion curve shapes is not studied in this paper. Instead, different L-scan images with different Lamb wave modes are generated and studied in this paper. Some fundamental theoretical results on the Lamb wave propagation in single and multilayered plates have been presented earlier [1] [2] [3] [4] and not repeated here. In the theoretical works it was shown that different Lamb wave modes produce different levels of excitation in various layers in a multilayered composite plate. We try to exploit this phenomenon to generate ultrasonic images of different layers.
COMPOSITE SAMPLES AND EXPERIMENT AL RESULTS
Two types of composites were used for this study. One was a metal matrix composite with silicon carbide type fibers and titanium alloy based matrix. The second sample was a ceramic matrix composite with silicate based matrix material and nicalon fibers. Both samples had intentionally created internal defects in various layers of the composites.
The metal matrix composite sample used for this study was made [25, 26] in-house in the Materials Directorate. The sample had 5 layers of SCS-6 fibers in [0,90,0,90,0] lay-up configuration. The matrix material was Ti-6AI-4V. The composite was made by foil-fiberfoil technique. The first and the fifth layers of fibers were undamaged. A part of the second layer of fibers (90°) were coated with boron nitride to impede the formation of good bonding between the fibers and the matrix as schematically shown in Figure 4a . The fibers in the third layer (0°) were intentionally broken as shown in the photograph in Figure 4b . The fourth layer (90°) had two areas of missing fibers as shown in the photograph in Figure  4c .
The ceramic matrix composite used for the study was a twelve layer ceramic composite plate of dimension 8.5 inch (215.9 mm) x 3 inch (76.2 mm) x 0.094 inch (2.4 mm). The sample had NICALON fibers in MAS-5 (magnesium-aluminum-silicate glass with 5% BSG-doped) matrix, oriented in 0° and 90° directions in alternate layers and is symmetric about its central plane. The specimen was made by the CORNING company and some internal flaws were intentionally added during the pre-preg process. Top two layers do not contain any flaw. The third and the sixth layers had a fiber-concentrated zone or matrix-poor zone or "die plug" in between the central line and the bottom edge. Die plugs are produced in long tow sections when a metering die is clogged with matrix slurry. The two center 90° piles (sixth and seventh layers) were burned out and mechanically agitated ("dusted") to remove matrix material, and possibly some fibers, from the right to produce the matrix burned out zone. There were additional flaws such as intentionally added fiber breaks in some of the layers.
The geometric positioning of the transducers was done as per the approach discussed earlier in the paper to avoid both the null zone and the specular reflection region. Frequency-magnitude spectrum was used to determine the various modes propagating at each incidence (and reception) angle. Selected modes were monitored while scanning the MMC sample and Lamb wave scans were produced as shown in Figures 5a-c . Similarly, some of the Lamb wave scans produced using CMC sample are shown in Figure 6a -b. The scans in Figures 5 and 6 clearly demonstrate the feasibility of mode sensitive defect detectability and characterization. Further information about the mode selective Lamb wave scanning of these samples can be obtained from literature [25, 26] .
CONCLUSIONS
It is shown in this paper that the Lamb wave scanning image can show that different layers of the plate can be excited differently by various Lamb wave modes. The results presented here indicate selective sensitivity of different Lamb wave modes to defects in various layers. Figure 5a shows the lack of interface bonding in the second layer. The mode used for this scan was generated using 1.556 MHz at 18° angle of incidence. Figure 5b shows a mode of 2.62 MHz frequency at 16° angle of incidence which is sensitive to the fiber breaks in the third layer of fibers. Another mode of frequency 2.31 MHz, incident at 18° angle shows sensitivity to a host of features in the plate in addition to the two areas of missing fibers in the fourth layer ofthe composite (Figure 5c ). Additional information on this mode sensitive characterization of composite specimens can be found in literature [25, 26] .
